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Water consumed directly by the construction industry is known to be of little importance. However, water consumed in
the manufacture of goods and services required by construction may be significant in the context of a building’s life cycle
water requirements and the national water budget. This paper evaluates the significance of water embodied in the
construction of individual buildings. To do this, an input–output-based hybrid embodied water analysis was
undertaken on 17 Australian non-residential case studies. It was found that there is a considerable amount of water
embodied in construction. The highest value was 20.1 kilolitres (kL)/m2 gross floor area (GFA), representing many
times the enclosed volume of the building, and many years worth of operational water. The water required by the
main construction process is minimal. However, the water embodied in building materials is considerable. These
findings suggest that the selection of elements and materials has a great impact on a building’s embodied water. This
research allows the construction industry to evaluate design and construction in broad environmental terms to select
options that might be cost neutral or possibly cost positive while retaining their environmental integrity. The research
suggests policies focused on operational water consumption alone are inadequate.
Keywords: construction, embodied water, environmental impacts, key indicators, water, water consumption, Australia
L’eau consomme´e directement par l’industrie de la construction ne repre´sente pas un volume important. En revanche,
l’eau consomme´e pour la fabrication de biens et de services ne´cessaires a` la construction peut eˆtre importante dans le
contexte des besoins en eau du cycle de vie d’un baˆtiment et dans celui du budget « eau » national. Cet article e´value
l’importance de l’eau inte´gre´e dans la construction de baˆtiments individuels. A` cet e´gard, on a proce´de´ a` une analyse
hybride de l’eau inte´gre´e, a` l’entre´e et la sortie, portant sur 17 e´tudes de cas de baˆtiments non re´sidentiels en
Australie. On a constate´ qu’il existait un volume conside´rable d’eau inte´gre´e dans la construction. La valeur la plus
e´leve´e e´tait de 20,1 kilolitres (kl) m2 en surface hors-d’oeuvre brute, ce qui repre´sente plusieurs fois le volume ferme´
du baˆtiment et de nombreuses anne´es d’utilisation de l’eau. L’eau ne´cessaire au processus principal de construction
est minime. En revanche, l’eau inte´gre´e dans les mate´riaux de construction est conside´rable. Ces re´sultats sugge`rent
que le choix des e´le´ments et des mate´riaux a une grande importance sur l’eau inte´gre´e d’un baˆtiment. Cette recherche
permet aux industriels de la construction d’e´valuer les concepts et la construction en termes environnementaux pris
au sens large afin de choisir des options qui pourraient eˆtre neutres sur le plan du couˆt ou, e´ventuellement, eˆtre
positives sur le plan du couˆt tout en retenant leur inte´grite´ environnementale. Cet article laisse a` penser que les
politiques fonde´es sur la seule consommation d’eau ope´rationnelle sont inade´quates.
Mots cle´s: Construction, eau inte´gre´e, impact environnemental, indicateurs cle´s, eau, consommation d’eau, Australie
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Introduction
With a global increase in population, the subsequent
urbanization, industrialization and development is
putting a growing strain on natural resources. Water
is a necessity of all life. Therefore, its availability is a
great concern. The geographical limitations previously
associated with the utility of water have been substan-
tially reduced, making it a commodity, such as oil, gas
or coal (Bourne and Wauters, 1997). However, unlike
these, in many of water’s uses there is no substitute.
Australia is the driest inhabited continent, with greater
annual rainfall variability than any other continental
region (Smith, 1998). Despite this, it is one of the
world’s largest consumers of water, per capita (Organ-
ization for Economic Co-operation and Development
(OECD), 2005). All industrialized economies require
water of some form, quality and quantity, for all-
production processes. Besides the social and environ-
mental problems, some industries are beginning to feel
the effects of a limited supply.
The effects a sector can have on the environment are
nowhere more apparent than in the building industry.
Water used to operate buildings is a significant com-
ponent of national water consumption (Australian
Bureau of Statistics (ABS), 2004). However, this is
not the only form of water consumed throughout a
building’s life cycle. Water is also consumed in the
extraction, production, manufacturing, and delivery
of materials and products to site, and the actual
on-site construction process. This ‘embodied water’
contains both direct and indirect water paths that
have not previously being included when considering
the water consumption of the construction industry.
As a result, policy has focused on the operational
water use of the built environment, neglecting the
embodied water of various goods and services required
for construction. Therefore, the aim of this paper is to
provide an initial estimation of the range of embodied
water in typical Australian commercial buildings.
Background
The construction industry causes significant environ-
mental stress (Spence and Mulligan, 1995). The indus-
try’s operational water consumption from all buildings
within the built environment is close to 14% of the
total (Foran and Poldy, 2002). The water used directly
by the industry for on-site construction is less than 1%
of the total.
As a result of these and similar figures, efforts for redu-
cing consumption are focused on the operation of
buildings. Although the direct component of embodied
water has been considered and found to be minimal,
the indirect water component required for the pro-
duction and delivery of materials and products used
in the main construction process has not been con-
sidered. A holistic approach to water management is
imperative to determine whether current efforts are
correctly focused on whether a shift in focus towards
the embodied water of construction is required.
Embodied water
The embodied water of a product is that needed to
create and deliver a product through all stages of pro-
duction, containing both direct and indirect paths for
all materials and resources used to produce that
product. Direct water is that consumed in the main
production of the specific product being analysed. It
is easily assessed because it is a single source of con-
sumption. Indirect water is that used to create and
deliver materials and resources that go into the main
product. It is harder to define because of the many
sources of consumption that may be involved.
Much effort has been used to quantify the energy
content of commodities and products. This paper
uses the concept and methods of embodied energy
analysis, derived from life cycle assessment (LCA)
and more directly from life cycle energy assessment,
to undertake an embodied water analysis.
Embodied water analysis
LCA is the assessment of environmental impacts of
products during their lifetime from material manu-
facture, construction, operation, maintenance, refurb-
ishment and demolition (Bekker, 1982). It divides a
product or process into inputs and outputs to the
product system. Inputs include the extraction of raw
materials and resources; outputs include emissions,
solid wastes, co-products and other releases (Curran,
1993). A product’s or process’ inputs are further
divided into direct and indirect inputs. Direct inputs
include the resources and raw materials used directly
at each stage of the life cycle. Indirect inputs are the
resources and raw materials used further upstream
(Crawford, 2004).
Methods of embodied water analysis
There are a number of methods that can be used for
embodied water analysis, the accuracy and extent of
which depends on the method chosen, as has been
demonstrated for embodied energy analysis (Treloar,
1997; Crawford, 2005). The methods can be classified
broadly into three separate groups: process analysis,
input–output (IO) analysis and hybrid analysis
(Bullard et al., 1978; Suh et al., 2004).
Process analysis quantifies inputs to a product, from the
main process to each process upstream (Boustead and
Hancock, 1979). This is achieved by placing a system
boundary around the process on the assumption that
Modelling direct and indirect water requirements of construction
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the inputs of further upstream stages will be insignifi-
cant. Depending on the accuracy of assumptions
made, at each stage there may be large or small inputs
of goods and services that cannot be measured in
detail (Boustead and Hancock, 1979). Consequently,
it is an accurate but incomplete method of analysis
(Lave et al., 1995).
IO analysis uses national average data from each sector
of the economy to represent the monetary flow of
goods and services between them (Treloar et al.,
2001). An IO table maps the relationships between
compartments of a system (Miller and Blair, 1985).
Australia has 106 economic sectors, with each sector
broken into a maximum of 850 commodities, depend-
ing on the range of inputs to each sector (ABS, 2003).
These monetary flows can be converted to water
terms with the use of water tariffs for embodied
water analysis. This method is considered more com-
prehensive than process analysis (Suh and Huppes,
2002; Suh et al., 2004). IO analysis is capable of
analysing an infinite number of upstream stages to
include all direct and indirect inputs into a product
or process, thus avoiding the truncation errors that
occur in process analysis (Lenzen, 2002). However,
this depends on the accuracy of the data for each
sector (Treloar, 1997). As a result, it should rarely be
used alone, but as a method of estimating missing
data (Marheineke et al., 1998). IO analysis, although
being more complete than process analysis, is not as
accurate.
Hybrid analysis combines the previous two techniques
in an effort to reduce the errors in each method and
extrapolate the positive aspects (Bullard et al., 1978).
It aims to combine the accuracy of process analysis
and the completeness of IO analysis. Hybrid analysis
can be based on either a process analysis framework
or an IO analysis framework. Process-based hybrid
analysis quantifies material inputs from an individual
product and applies an intensity that is derived
using IO data based on the price of the material
(Hendrickson et al., 1997). This form of hybrid analy-
sis is considered to be limited because of the inherent
limitations of the method on which it is based, i.e.
process analysis. The completeness limitations associ-
ated with process analysis are also found to a degree
in process-based hybrid analysis (Treloar, 1997).
IO-based hybrid analysis combines process and IO
data to maximize the reliability and completeness of
the analysis. Direct inputs to a specific product or
process at the focus of the analysis are calculated
using process data (Crawford, 2004). The process
values are substituted into the IO model for the equi-
valent IO values without changing any of the upstream
processes or truncating the system boundary. Other pro-
cesses considered important have process data collec-
ted and substituted into the IO model. To maximize
completeness, further upstream processes are accounted
for using IO data. Combining the two methods based
on the IO framework ensures systemic completeness
without losing data quality (Treloar, 1997).
Methods
An IO-based hybrid analysis uses the data gathered in a
traditional process analysis and the figure from a
process-based hybrid analysis, and it increases the com-
pleteness of the analysis even further with the use of
IO data. For this study, process data were derived
based on the quantities of material inputs into the
case study building and a material intensity database
(ABS, 2003).
Hybrid material intensities, combining both process
and IO data, were derived. Hybrid water intensities
were calculated for all the most common basic
materials, expressed in kilolitres (kL) or kL/unit
(usually t, kg, m2, or m3) of material. Process data
were incorporated into the hybrid analysis using the
method outlined by Treloar (1997), giving the
amount of water embodied in, for example, 1 kg of
that material. For each basic material, the hybrid
material intensity (IM) was calculated using:
IM ¼ PIM þ (TIn  TIM) $M
1000
(1)
where
PIM process material intensity,
TIn total intensity of IO sector n, representing
the basic material,
TIM total intensity of the IO path representing
the basic material,
$M total price (US$) of the basic material.
Once the hybrid material water intensities were calcu-
lated, they were multiplied by the delivered quantities
of basic materials of the case study building. These
individual material embodied water figures were then
summed to obtain the respective process-based hybrid
analysis values for the building.
National IO tables, produced by the ABS (2003) were
combined with national water data from the ABS
(2004) to develop a water-based IO model of the
economy (by Manfred Lenzen, for another project by
the authors). The IO tables were divided into 106
sectors of the Australian economy, e.g. ‘other construc-
tion’. For each of these economic sectors, direct and
total water intensities were calculated in units of
kL/US$1000 of product, representing the amount of
McCormacket al.
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water used directly and in total to produce US$1000
worth of products from that specific sector. In a
hybrid IO analysis of any product, the product’s com-
ponent breakdown is linked to the economic sectors in
order to determine the water intensities that should be
applied from the IO model. In the IO model used, the
water intensity of imported products was assumed to
be at Australian levels, including water embodied in
transportation, for example.
The IO model was disaggregated to allow the inputs
for which process analysis data are available to be sub-
tracted, leaving a remainder that was used to fill the
remaining gaps in the system boundary, as demon-
strated by Treloar et al. (2001). From the inputs sub-
tracted from the relevant sectors of the economy
from which the product belongs (‘other construction’
sector), the inputs counted in the process analysis
inventory were identified. The total water intensity of
each input represented in the process analysis inventory
was subtracted from the total water intensity of the
sector. Whenever a process analysis value was avail-
able, the relevant input from the input extraction was
then subtracted from the total water intensity of the
sector to avoid double counting.
The remainder of the unmodified inputs (the total
energy or water intensity of the sector minus those
inputs subtracted, in kL/US$1000) were then multi-
plied by the price of the case study building (US$)
and divided by 1000 to give the additional water
inputs (kL) for the product. The process-based hybrid
analysis value was then added to this figure, minus
the direct water components (as these are included
in the remainder of unmodified inputs) to give the
IO-based hybrid analysis total.
Case studies
Seventeen non-residential case studies were selected for
this research based on the availability of appropriately
prepared bills of materials. The non-residential case
studies range from small-, medium- and large-scale
office buildings to government and private institutional
buildings such as educational and medical buildings,
from cinema and shopping complexes to apartment
buildings of varying size and industrial constructions.
The case studies range in size and construction tech-
nique, from large core-structured high-rise buildings
to smaller portal-framed sheds.
The case studies have been chosen because they are
typical of the Australian built environment, while not
necessarily being representative. Similar buildings
predominantly occupy Australian state and territory
capital city central business districts and surrounding
urban areas. Therefore, the case studies are a reason-
ably accurate account of a large percentage of non-resi-
dential work been undertaken within Australia.
Results
The total embodied water figures were first analysed at
the elemental level to determine which elemental
groups have a significant amount of water embodied
in them. Figure 1 presents the elemental breakdown
for non-residential case studies.
The highest value was for the medium rise office
building, NRCS10 (20.1 kL/m2 gross floor area
(GFA). This project included the embodied water of
services, such as air-conditioning, fire protection, elec-
trical, hydraulic and lifts. The finishes element was
high for this case study due to the imported granite.
In this case, the embodied water would be several
times the enclosed volume of the building. Many of
the case studies with lower values represented refurb-
ishment projects rather than complete new projects,
so the mean figure across the case study buildings is
not representative of typical non-residential buildings.
The structure group has the most significant amount of
water embodied in it, apart from the ‘other items’ cate-
gory, with an average of 37% of the total. One can
identify the projects that were refurbishments based
on this element in Figure 1. The substructure group
has the second largest amount of water embodied in
it. The finishes group has the third largest amount of
water embodied in it. This element will be more
important over the life of the building.
Table 1 Non-residential case studies
Non-residential
case studies
(NRCS)
Description Gross
£oor area
(m2)
1 Residential high-rise
apartments
10 600
2 Retail multipurpose building 30 000
3 Industrial building 1100
4 Educational building 750
5 Industrial building 8700
6 22-storey residential
building
22 000
7 43-storey commercial
building
99 000
8 52-storey commercial
building
130 000
9 Entertainment building 1900
10 15-storey commercial
building
47000
11 Retail multipurpose building 5 900
12 Industrial building 4 800
13 Health building 49 000
14 Three-storey commercial
building
6 500
15 Seven-storey commercial
building
27000
16 Retail building 50 000
17 Health building 180
Source: McArdle et al. (1993),Treloar (1996), Foster et al. (2000).
Modelling direct and indirect water requirements of construction
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The total embodied water was then analysed by
material. Figure 2 presents the breakdown for non-
residential case studies. Steel had the highest embodied
water, followed by concrete. Carpet has the third
highest embodied water, which is important as it is
often replaced every ten years, and even more fre-
quently in prestigious commercial buildings.
Discussion
The results show that non-residential buildings gene-
rally have a large amount of embodied water. The struc-
tural element was particularly important for newly
constructed multi-storey buildings. This is because
the additional materials used for resisting lateral
loads in non-residential buildings are lower in embo-
died water. This fits well with previous findings for
embodied energy (Aye et al., 1999).
The direct water consumption by the construction
process was small, but not negligible. The water pur-
chased by contractors and subcontractors to facilitate
construction, prefabrication, administration, and
transport may be more significant on larger sites. For
example, the water used for the washing down of con-
crete trucks and skips and that used on-site ablution
blocks can be considerable on non-residential projects
with large work forces. In smaller projects, this con-
sumption may still occur, but not on-site. There are
seemingly large and measurable quantities of water
used for construction operations. However, the
results indicate that water required directly for con-
struction for non-residential case studies is unimpor-
tant compared with the indirect water requirements
for manufacture of materials and products.
The elemental breakdown indicated that the structure
group had the most significant amount of embodied
water. Again, this was because larger quantities of
materials were included in this group. There are large
amounts of materials used in the services and fixtures
and fitments of non-residential buildings, especially in
larger high-rise constructions with complex services
such as elevators, fire and heating, mechanical venti-
lation and air-conditioning (HVAC) equipment, and
many fixtures and fitments required for amenities. As
a result, these elements should have a significant
amount of water embodied in them. However, this
was not analysed here for all but one case. This is
because in many of the non-residential case studies
analysed, quantities of materials for the services
elements could not be derived. Commonly, building
services are not quantified in sufficient detail in cost
control exercises to enable embodied energy and embo-
died water analysis (Treloar, 1996).
The material breakdown indicated that steel and
concrete had the most significant amount of water
embodied in them. Steel has a relatively high water
intensity. Concrete has a comparatively low water inten-
sity, but the volumes of concrete required ensure there is
a large consumption of water. The water used for con-
crete production is a minuscule component of the
Figure 1 Non-residential case studies (NRCS) 1^17 embodied water elemental analysis (kl/m2GFA).NRCS10 includes services; some
projects are refurbishments
McCormacket al.
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embodied water of concrete, mostly comprising the
water embodied in the cement itself. Carpet had a sig-
nificant amount of water embodied in it. In office and
apartment buildings with many floors, the amount of
carpet required is significant. Materials used in the fix-
tures and fitments and services of non-residential build-
ings were not derived. As a result, materials used in these
elemental groups were not accurately analysed and their
significance has consequently been not well depicted by
these results.
Conclusion
The aim of this research was to investigate the sig-
nificance of water embodied in construction. The
embodied water analysis used an IO-based hybrid
approach to calculate the significance of water embo-
died in a group of 17 non-residential case studies.
It was found that there is a considerable amount of
water embodied in construction. The highest value
was for a medium-rise office building: 20.1 kL/m2
GFA (this was the only project to include a breakdown
of building services). The water embodied in the main
construction process was found to be minimal.
However, the water embodied in building materials
was significant, particularly steel, concrete and
carpet. Therefore, the selection of individual elements
and materials has a great impact on a building’s embo-
died water, while the selection of on-site construction
practices less so. Consequently, policy focused on
reducing water consumption of on-site activities may
be superfluous at best and misleading at worst. On-
site practices to minimize construction waste through
over-ordering and rework may be far more significant
in terms of minimizing direct and indirect water
requirements.
The greater consideration and use of efficient structural
materials in non-residential buildings allows fewer
materials to be used to achieve greater floor areas
and resist large lateral loads. Efforts for reducing the
construction industry’s water consumption need to be
focused up- and downstream of the actual construction
process. However, the complexity of the supply chain
makes it difficult to ascertain precisely where efforts
should be focused. A demand-side view is required
to solve the problem of scarce water supplies. The
drivers of demand, both direct and indirect, need to
be managed through all stages of production.
It is clear that policies need to be implemented to mini-
mize the impact of increasing consumption and scarcer
water supplies. Australia’s infrastructure and built
environment is continually growing. Therefore, the
water embodied in construction and its effects will
continue to be an important issue. This may be less
relevant in countries with lower rates of new construc-
tion and higher rainfall.
Further research will include adding the issue of water
quality to the model.
Figure 2 Non-residential case studies (NRCS) 1^17 embodied water material analysis (kl/m2 GFA). NRCS10 includes services; some
projects are refurbishments
Modelling direct and indirect water requirements of construction
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